We study the upper bound on the scale of fermion mass generation in a two-Higgsdoublet model. If the model is weakly-coupled, the scale of fermion mass generation is much less than the Appelquist-Chanowitz unitarity bound. However, if we allow some dimensionless Higgs self-couplings to become large, the Appelquist-Chanowitz unitarity bound can be saturated. The unitarity bound on the scale of top-quark mass generation is about 3 TeV, which may be within the reach of future colliders. * Address after Nov.
Many years ago, Appelquist and Chanowitz [1] derived an upper bound on the scale of fermion mass generation for a fermion of mass m f :
where v 2 ≡ ( √ 2G F ) −1 and N c = 3 for quarks and 1 for leptons. This bound was obtained by considering the scattering process ff → V L V L [V = W, Z; L denotes longitudinal polarization (helicity zero)] in the absence of a Higgs boson. The resulting amplitude grows linearly with the center-of-mass energy, and violates the condition of tree-level unitarity at the energy Λ f given in Eq. (1) .
If this bound is relevant, it has interesting implications for future high-energy colliders. The numerical value of the bound for the top quark, with a mass of 173.9 ± 5.2 GeV [3] , is approximately 3 TeV. This energy could serve as a benchmark for the study of top-quark mass generation via V L V L → tt at future hadron [4, 5, 6, 7] , 2 e + e − [6, 13, 14, 7, 15] , and µ + µ − [16] colliders, in much the same way that
(obtained from the consideration of V L V L → V L V L in the absence of a Higgs boson [17, 2] ) serves as the benchmark for electroweak symmetry breaking (EWSB). The relevance of the bound in Eq. (1) was already questioned in the original paper of Appelquist and Chanowitz. In the standard Higgs model, the Higgs boson is responsible for fermion mass generation, yet its mass cannot exceed approximately 800 GeV [18] , 3 well below the bound in Eq. (1) for all known fermions. In extended Technicolor (ETC) models [19, 20] , the scale of fermion mass generation is the mass of the ETC gauge boson
which scales with m f differently from Eq. (1), and is much less than Λ f for all known fermions. Furthermore, the process ff → V L V L ceases to grow with energy at an energy of order Λ EW SB rather than M ET C [1] . Several years later, Golden [21] revisited the issue of the relevance of the bound in models with a Higgs boson, and found a bound which scales with m f like Eq. (3) rather than Eq. (1). Thus the relevance of the bound in Eq. (1) remains an open and important question. In this paper we study the scale of fermion mass generation in the context of a two-Higgsdoublet model. We imagine that the Higgs scalar responsible for unitarizing 4 and we derive an upper bound on the mass of the heavy Higgs scalar which is 1 The strictest bound is obtained by considering the spin-singlet, weak-isosinglet, color-singlet amplitude [2] .
2 At a hadron collider, one can also [9, 10, 11, 12] . 3 This upper bound is obtained by demanding that the Higgs mass be less than the intrinsic cutoff of the theory [23] . 4 A "light" Higgs boson is one whose mass is less than about 800 GeV. Before we begin our analysis, let us recall the meaning of unitarity bounds in effective field theories [1, 22] . In the absence of a Higgs boson, a perturbative calculation of the scattering amplitude for
This expansion becomes useless once the expansion parameter is of order unity. One can use unitarity to estimate this energy [17, 2] , which yields E ∼ Λ EW SB (Eq. (2)). The addition of a "light" Higgs boson to the theory changes the expansion parameter to m
); one says that the Higgs boson "unitarizes" the theory. The largest Higgs mass allowed is approximately 800 GeV [18] , which nearly saturates the bound Λ EW SB . Now add a massive fermion of mass m f to the theory, again in the absence of a Higgs boson. In processes involving the massive fermion, one finds an additional expansion parameter, m f E/v 2 , along with the expansion parameter E 2 /v 2 . Again, unitarity can be used to estimate the energy at which this additional expansion parameter is of order unity, and the result is E ∼ Λ f (Eq. (1)). This interpretation of the Appelquist-Chanowitz bound is supported by the analysis of one-loop diagrams in section 2 of Golden [21] .
Whatever physics unitarizes
In the standard Higgs model, the same Higgs boson is responsible for unitarizing both processes. We therefore consider a two-Higgs-doublet model, with only one Higgs field coupled to a given fermion. This can be arranged by imposing a discrete symmetry Φ 1 → −Φ 1 on one of the Higgs fields, such that only the Higgs field Φ 2 has Yukawa couplings to a given fermion [24] .
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The most general CP-symmetric scalar potential, with the discrete symmetry Φ 1 → −Φ 1 softly broken, is [25, 26, 27] 
where all parameters are real. The particle content of this model is two neutral Higgs scalars, h 0 and H 0 ; a neutral Higgs pseudoscalar, A 0 ; and a charged Higgs scalar, H ± . Only the neutral Higgs scalars, h 0 and H 0 , will be relevant for the ensuing discussion. Our analysis of the model closely follows that of Haber [27] . The two Higgs fields acquire vacuum-expectation values v 1 and v 2 , where v 
and where we have adopted the short-hand notation s β ≡ sin β, c β ≡ cos β.
The relevant Feynman rules for the Higgs scalars are listed in Fig. 1 
. Since we want the light Higgs scalar
we want its coupling to vector bosons to be close to the standard-model value. Thus we are interested in the limit cos(β − α) << 1, where [27] cos
We show in Fig. 2 
or equivalently, since sin(β − α) ≈ 1,
This corresponds to a strong Yukawa coupling of the heavy Higgs scalar to the fermion (see Fig. 1 ), proportional to (m f /v) cot β.
To proceed further, we must introduce an additional piece of physics. Recall that the upper bound on the Higgs mass arises from the condition that it be less than the cutoff of the theory [23] . This condition turns out to be equivalent to the condition that the (running) Higgs self-interaction remain perturbative below the cutoff [18] . Similarly, the Yukawa coupling of a fermion must remain perturbative below the cutoff [28, 29] . This puts an upper bound on the Yukawa coupling, which can be estimated from the unitarity of ff → ff [30, 2] . One finds
Combining Eqs. (9) and (10) gives
This is a constraint on how small cos(β − α) can be, and still have the heavy Higgs scalar
To convert Eq. (11) into an upper bound on the mass of the heavy Higgs scalar H 0 , we must consider how cos(β − α) scales with m H 0 . If we hold the dimensionless Higgs self-couplings λ i fixed, and increase the mass of the heavy Higgs scalar by increasing the parameter m 12 , Haber [27] has shown that
6 This follows from Eq. (7), due to a cancellation between the two terms in the numerator for large m Combining Eqs. (11) and (12) yields
which scales with m f like Eq. (3). This is an example of a model in which the scale of fermion mass generation scales with m f as in extended Technicolor, yet the process ff → V L V L is unitarized at the scale of fermion mass generation, m H 0 , rather than at Λ EW SB , Eq. (2). The same scaling, but via a different mechanism, is found in section 3 of Golden [21] from an analysis of higher-dimension operators; the model we are considering only involves operators of dimension four or less. For λ i ≈ 4π (the largest value of the coupling such that it is perturbative), Eq. (13) yields an upper bound of about 1.5 TeV on the scale of top-quark mass generation. If we instead allow some of the λ i to increase with the mass of the heavy Higgs scalar, Haber [27] has shown that we can have
instead of Eq. (12), while still keeping m h 0 small. This can be achieved by making m (11) and (14) yields
which scales with m f like the Appelquist-Chanowitz bound, Eq. (1). For λ i ≈ 4π (the largest value of the coupling such that it is perturbative), the mass of the heavy Higgs scalar saturates this bound. This is the first example of such a model of which we are aware. However, since all the dimensionless Higgs self-couplings (including λ 5 ) may be restricted to be perturbative, it is not clear how to interpret this model. Since cos(β −α) has a lower bound given by Eq. (11), we should check that the amplitude for V L V L → V L V L is sufficiently unitarized by the light Higgs scalar h 0 that it remains within the unitarity bound up to the mass of the heavy Higgs scalar H 0 . The s-wave, isosinglet amplitude is given by [17] 
where the last expression is valid for s >> m 
7 This disrupts the cancellation mentioned in the previous footnote, such that Eq. (7) results in Eq. (14) . 8 This yields s which respects the unitarity condition |Re a 0 0 | < 1/2 up to the energy
This is essentially the Appelquist-Chanowitz bound, Eq. (1), so we are assured that the heavy Higgs scalar which unitarizes ff → V L V L is also light enough to complete the unitarization of
We have shown that in a weakly-coupled two-Higgs-doublet model, the scale of fermion mass generation is bounded by Eq. (13) rather than by the higher Appelquist-Chanowitz bound, Eq. (1). For the top quark, this bound is about 1.5 TeV, which makes it an interesting benchmark for future colliders. However, if we allow some of the dimensionless Higgs selfcouplings to become large, then we are able to saturate the Appelquist-Chanowitz bound. While this may not be physically realizable, it suggests that the Appelquist-Chanowitz bound may be relevant for strongly-coupled models of fermion mass generation. This bound is about 3 TeV for the top quark, which is also an interesting benchmark for future colliders.
